Short title: Radioiodine content in human breast milk Unno et al 3 Precis Contamination of breast milk with 131-I occurred after Fukushima nuclear power plant accident. Unno et al 4 Abstract BACKGROUND: Environmental pollution with radioiodine occurred after an accident at the Fukushima nuclear power plant (FNP) on March 11, 2011, in Japan. Whether environmental pollution with 131 I can contaminate human breast milk has not been documented. METHODS: 131 I content was determined in 126 breast milk samples from 119 volunteer lactating women residing within 250 km of the FNP, between April 24 and May 31, 2011. The degree of environmental pollution was determined based on the data released by the Japanese government. RESULTS: An 131 I content (becquerels per kilogram, Bq/kg) of 210 in the tap water in Tokyo, which is located 230 km south of the FNP, on March 22 and of 3,500 in spinach sampled in a city located 140 km southwest of the FNP on March 19 decreased over time to < 21 on March 27 and 12 on April 26, respectively. Seven of 23 women who were tested in April secreted a detectable level of 131 I in their breast milk. The concentrations of 131 I (Bq/kg) in the breast milk of the 7 women were 2.3 (on month/day, 4/24), and 2.2, 2.3, 2.3, 3.0, 3.5, and 8.0 (4/25); the concentrations of 131 I in the tap water available for these 7 women at the same time points were estimated to be <1.3. None of the remaining 96 women tested in May exhibited a detectable 131 I in their breast milk samples. CONCLUSIONS: The contamination of breast milk with 131 I can occur even when only mild environmental 131 I pollution is present. KEY WORDS: human breast milk, nuclear power plant accident, radioiodine Unno et al 5
Introduction
On March 11, 2011 , an earthquake (magnitude, 9.0) triggered a large tsunami more than 16 .0 meter high, which then hit the Fukushima nuclear power plant (FNP) in Japan (Fig.   1 ). Subsequently, the FNP explosively dispersed a massive radioactive plume on the morning of March 15, 2011. The radioactive cloud was carried by the wind, inducing widespread pollution with 131 I and other radioactive species.
Stable iodine ingested during the consumption of daily meals is secreted in breast milk (1, 2) . Radioactive iodine administered orally or intravenously for medical purposes has also been shown to accumulate in the thyroid and breast tissues and to be excreted in breast milk (3) (4) (5) . Beginning approximately 4 years after the Chernobyl reactor accident of April 1986, a sharp increase in the incidence of thyroid cancer among children and adolescents in areas covered by the radioactive plume was observed with the risk greatest in those youngest at exposure (6, 7) . However, whether human breast milk was actually contaminated with 131 I after the Chernobyl reactor accident was uncertain, partly because of the short half-life of 131 I (8 days). Nevertheless, human breast milk was regarded as major possible contributor to the doses of 131 I received by nursing infants in the vicinity of the Chernobyl reactor accident. Thus, breast milk contamination with 131 I is a major concern associated with environmental 131 I pollution.
Accordingly, we investigated the 131 I content in breast milk in collaboration with and supported by the Japanese Ministry of Health, Labour, and Welfare (JMHLW).
Materials and Methods
This study was approved by the institutional review board of the Japan National Institute of Public Health. A total of 126 breast milk samples were collected from 119 volunteer lactating women; 37 women were residing within 100 km of the FNP, 60 were in 100 km to 199 km of the FNP, and 22 were in 200 km to 249 km of the FNP between April 24 and May 31. Of them, seven women who exhibited a detectable 131 I level in their first breast milk sample provided a second breast milk sample approximately two to three weeks later. Each of the breast milk samples was placed in a cylindrical, 100-mL plastic container used to determine the 131 I content and was monitored for two to three hours using a gamma spectrometry system equipped with high-purity germanium detectors (2519 of Canberra Co., Connecticut, U.S.A, EGPC20-190-R of 
Results

Environmental pollution
Air pollution with radioactive materials occurred over a geographically wide area within 
Contamination of breast milk with 131 I
Seven of 23 women (30.4%) who were tested in April secreted a detectable level of 131 I in their breast milk ( Table 1 ). The concentrations ranged from 2.2 to 8.0 Bq/kg and appeared to be higher than those in tap water available for these 7 women at the same time points. As expected from the data on the 131 I radioactivity in fallout, vegetables, and water (Figs. 3 to 5), the radioactivity of 131 I in the breast milk became undetectable by May 15 in these seven women ( if the citizen group had used an assay system similar to the one used by our group, which is able to detect 131 I at a level of around 2.0 Bq/kg, the detection ratio of 131 I among the 28 women may have been higher than the reported rate of 14.3% (4/28).
The most reliable data to date on the relationship between the thyroid radiation dose and the risk for thyroid cancer following the environmental release of 131 I was obtained after the Chernobyl reactor accident in April 1986 (6) . Thyroid exposure to radiation after the Chernobyl reactor accident was virtually all internal, from radioiodines (6) . The inhalation of airborne 131 I may occur after its release and prior to the deposition of 131 I on the ground. However, in seven Ukraine cities following the release of radioiodine from the Chernobyl nuclear power plant, the inhalation of 131 I was estimated to contribute to between 2 and 13% of the total absorbed radiation dose, whereas the ingestion pathway contributed between 87 and 98% (8) . Therefore, human breast milk was speculated to contribute to the dose of 131 I received by nursing infants in the vicinity of the Chernobyl reactor accident. Iodine is an essential nutrient required for the production of thyroid hormone, and the diet is the major source of iodine intake. Cows and goats absorb iodine from ingested vegetables and water. The absorbed iodine is then excreted into their milk (9) . In addition, 131 I administered orally or intravenously for medical purposes also accumulates in the thyroid and breast tissues and is excreted in breast milk (3-5). These findings have supported the speculation that human breast milk contributed to the development of thyroid cancer in infants after the Chernobyl accident. In some regions, for the first four years after the accident, the incidence of (14), and is used for the prevention of 131 I-induced thyroid cancer (15) and because radioiodine is also known to accumulate in the breasts of lactating women (3) stable iodine may compete with 131 I in being secreted into the breast milk. Because Japanese foods contain high concentrations of iodine (16) it is not surprising that a relatively small fraction of the 131 I consumed by Cases 25 and 26 entered the milk.
In the presence of a very low level of 131 I in the tap water after mid-April, the 131 I content in the breast milk exceeded that in the tap water in a significant number of women as shown in Cases 1, 7, and 10. This may imply that lactating women had difficulty avoiding contaminated vegetables because vegetables containing less than 2,000 Bq/kg of 131 I were sold in marketplaces, according to Japanese regulations.
During the FNP accident, the FNP explosively dispersed a massive radioactive plume on the morning of March 15 (Fig. 2, 3) . Although the degrees of food and water contamination with 131 I were monitored in various cities/areas and the data were and 22 regarding vegetable and tap water contamination, respectively. These announcements were first made after confirming that the 131 I content exceeded the allowed threshold in Japan: 2,000 Bq/kg for vegetables and 100 Bq/kg for drinking water consumed by infants < 1 year old (300 Bq/kg for older children and adults). Since the degree of 131 I contamination in the tap water and in vegetables was much higher before March 22 than after March 22 in many cities, as expected from the data shown in Fig. 2 to 5, the total amount of 131 I ingested by the mothers before March 22 may have far exceeded that ingested after March 22. If we had conducted this study earlier, around March 20, much higher 131 I contents in the breast milk would likely have been detected. Thus, nursing infants may also have been exposed to large doses before
March 22.
The radiation doses received after the Chernobyl accident remain somewhat uncertain (6) . Our findings regarding the extent of breast milk contamination with 131 I in relation to the extent of the pollution of the atmosphere, water, and vegetables may be helpful in the future and may enable a relatively accurate estimation of the relationship between breast milk contamination with 131 I and the development of infant thyroid cancer.
However, large differences in the level of exposure after the Chernobyl reactor accident were reported to exist between neighboring villages, within families inside the same village, or even within the same family depending on diet, living habits, and occupation, and the level of exposure was considered to depend mainly on individual behavior (17).
Therefore, the possibility that the participants in this study may have been more interested in the danger of breast milk contamination with 131 I than lactating women in general should be kept in mind, as the study population may not be representative of lactating women in general.
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